Introduction
Liver abscess (LA) is an uncommon but potentially lifethreatening disease with significant morbidity and mortality. LA have been described as far back as in ancient Greece in 400 B.C., when Hippocrates thought that prognosis of LA was related to the type of fluid in the lesion [1] . In 1890, Sir William Osler was the first to describe the presence of amebae in a patient's abscess and stools; however, it took until the early 20th century to conclude that Entamoeba histolytica was causally correlated to abscess formation in the liver [2] . In addition to pyogenic bacteria and E. histolytica, other pathogens, such as fungi and cytomegalovirus, can also cause LA, albeit rarely and especially in immunosuppressed patients.
In this review article, we comprehensively describe epidemiology, pathogenesis, diagnosis, and treatment of LA, with a strong focus on antimicrobial treatment choices and the impact of multidrug-resistant pathogens.
Epidemiology
In the first half of the last century and prior to the introduction of antibiotics, suppurative appendicitis was mainly responsible for the formation of pyogenic liver abscesses (PLA) [2, 3] . In the last decades, however, hepatobiliary hitches have replaced portal pyemia and hematogenous spread as the most common cause of PLA [1] [2] [3] [4] . The most relevant pathogens are Escherichia coli, Klebsiella spp., and Enterococcus spp. Among anaerobic bacteria, Bacteroides spp. and Fusobacterium spp. predominate [1, 2] . Aerobic, anaerobic, or microaerophilic streptococci are isolated in 25-30% of cultures from PLA. In a high proportion of cases polymicrobial bacterial infection is recorded, with a strong etiological shift towards Klebsiella pneumoniae [1, 3, 4] (table 1, 2) .
In the USA, the incidence of PLA is 8-15/100,000 inhabitants/year, accounting for over 80% of LA cases [1] . Abscesses due to E. histolytica account for up to 10% of the cases, and are more common in tropical areas as well as in tourists and in immigrants from developing countries, while fungi and other infectious agents are responsible for less than 10%.
Before the 1980s, E. coli was the most common bacterial pathogen that caused PLA. During the past three decades, however, highly virulent strains of K. pneumoniae have emerged as a predominant cause in Asian countries, especially Taiwan [1] [2] [3] [4] . The exact reason for this observation is not known, but it may be related to different host susceptibility to K. pneumoniae infection, expression of K. pneumoniaespecific virulence factors, higher K. pneumoniae carriage rates compared to the USA and Europe, and environmental factors [4] . For example, Chung et al. [5, 6] noted that people of Korean ethnicity who had lived in countries other than Korea had a lower proportion of carrying serotype K1 of K. pneumoniae strains than those who lived in Korea. These findings indicate a potential role of environmental factors in intestinal colonization by these strains. To a lesser extent, the shift towards K. pneumoniae has also been observed in the USA, in Europe, and in Australia [1, 4, [7] [8] [9] [10] .
Middle-to-older-aged patients are at higher risk of developing PLA [1, 2] . The peak incidence is found in 50-to 65-year-old patients, whereas PLA in children are rare. Male dominance is observed in patients with PLA, and the male to female ratio is approximately 1.5-2.5 [1] [2] [3] [4] 11] . According to the literature, mortality is ranging from 5-26% [1] [2] [3] [4] [5] [12] [13] [14] [15] ; however, owing to the improvement of diagnosis and treatment strategies, it has decreased in recent years and is now less than 10% [2, 4] .
Amebic LA was a relentlessly progressive and almost invariably fatal disease little more than a century ago, but since the introduction of effective medical treatment and rapid diagnosis, mortality rates have fallen to 1-3% [16] .
Etiology
In contrast to other bacterial etiologies, PLA caused by K. pneumoniae are usually primary and cryptogenic. Since K. pneumoniae strains may colonize the human gastrointestinal tract, colonization is commonly anticipated to precede invasion of the intestinal mucosa and portal venous flow or as- cending biliary infection [4] . Some studies have suggested that translocation from the gastrointestinal tract is the most likely route by which K. pneumoniae causes formation of LA [4, 11] . Fung et al. [14, 15] [4, 11, [18] [19] [20] [21] . Amebic LA arise from hematogenous spread (probably via the portal circulation) of amebic trophozoites that have breached the colonic mucosa [16] . Only few individuals presenting with amebic LA have concurrent amebic colitis, but the majority of patients have no bowel symptoms, and stool microscopy is usually negative for E. histolytica trophozoites and cysts.
Clinical Manifestations
Clinical presentations of patients with LA are not typical, and patients may present with vague constitutional symptoms. Most common are fever and chills, followed by abdominal pain restricted to the right upper quadrant, and hepatic tenderness [1] [2] [3] [4] . Fever is a predominant symptom and has been reported in 90-95% of the cases [1] [2] [3] [4] (table 3) . A broad spectrum of non-specific symptoms like diarrhea, jaundice, right pleural effusion, anorexia, nausea, and vomiting may also occur [1, 11, 15] .
Although spontaneous rupture of LA has been rarely reported, there is a higher incidence of abscess rupture in the group of K. pneumoniae PLA patients compared to other LA etiologies [11, 12, 20] . Suggested risk factors for spontaneous rupture in K. pneumoniae PLA are persistent hyperglycemic dysregulation in diabetic patients, large abscess size >5 cm, and thinned-wall and gas-forming abscess [4, 7, 11-13, 15, 19] .
K. pneumoniae PLA is also associated with a higher likelihood of hematogenous spread and the potential for metastatic infection. The incidence rate of metastatic infection ranges from 10-45%, especially in patients with diabetes mellitus due to impaired host-defense mechanisms [4, 5, 11, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Furthermore, an abscess size of >5 cm has been described as a significant independent predictor [4, 11, [19] [20] [21] [22] . Eyes, meninges, central nervous system (CNS), and lungs are the most common metastatic sites [7, [21] [22] [23] [24] [25] [26] [27] [28] [29] . Endophthalmitis is probably the most serious septic complication of K. pneumoniae PLA, leading to subacute vision impairment. Affected patients usually do not recover their vision and may become entirely blind despite aggressive intravenous and intravitreal antibiotic treatment [4, 11, 23, 25, 26, 29] . The mortality rate of K. pneumoniae PLA patients with evidence of metastatic infections is significantly higher than in patients without metastatic infections [4, 11, 22, 26] .
Clinical presentation of patients with amebic LA is similar to those with PLA [16] . Individuals can present with amebic LA months or even years after travel or residency in an endemic area, so a careful travel history is mandatory. The disease should be suspected in anyone with an appropriate exposure history and fever, right upper quadrant pain, and substantial hepatic tenderness. Cough may be present, and dullness and rales in the right lung base are not infrequent. Jaundice is rather unusual. Symptoms are usually acute (<10 days in duration) but can be chronic, with anorexia and weight loss as prominent features [16] .
Laboratory Findings
Anemia, leukocytosis, high erythrocyte sedimentation rate, elevated C-reactive protein level, hypoalbuminemia, and hyperbilirubinemia, as well as elevated alanine aminotransferase (ALAT) and alkaline phosphatase (AP) levels are the most common laboratory findings [1, 4, 11] . None of the blood tests specifically help to diagnose LA; however, they can suggest a liver abnormality that leads to targeted imaging studies.
In patients with amebic LA, leukocytosis without eosinophilia, mild anemia, raised concentrations of AP, and a high erythrocyte sedimentation rate are the most common laboratory observations [16] .
Imaging Findings
LA are mainly located in the right lobe of the liver [1, 3, 4, 8, 16, 30] . A high proportion of LA manifests itself as a solitary abscess, but multiple bilateral abscesses are also possible. Chest radiographs may reveal right-sided pulmonary infiltrates with pleural effusion [1, 3, 4, 11, 30] , and abdominal radiographs, which are rarely used but can be helpful in some cases, may show air-fluid levels or portal venous gas formation [3, 8, 11, 30] . By now, ultrasound (US) and computed tomography (CT) are the two main diagnostic methods with a sensitivity of 96-100% [11, 30] . On CT imaging, LA are of lower attenuation than the surrounding normal liver parenchyma ( fig. 1) . The abscess wall usually shows a rim enhancement on contrast-enhanced CT. The appearance of LA at US imaging is typically hypoechoic, but may also range from hyperechoic to hypoechoic ( fig. 2 ) [30] . Gas-forming LA showing aerobilia have been rarely reported in PLA patients in the past; however, with the etiologic shift to K. pneumoniae as the primary causative agent, there is an increased risk of gas-producing PLA, especially in patients with diabetes mellitus failing glycemic control [4, 11] .
It is assumed that, under anaerobic conditions, K. pneumoniae strains being capable of facultative anaerobe metabolism can produce carbon dioxide by fermentation of glucose in tissue, especially under hyperglycemic conditions [4, 11] .
Diagnosis
Diagnosis of LA is mainly based on imaging studies, paired with microbiological findings. CT scans have been reported to be more sensitive than US in the diagnosis of LA [11, 30] ; however, from our own experience, both methods should be considered as equivalent. In terms of microbiological diagnosis, K. pneumoniae isolates obtained from blood or LA puncture with the hypermucoviscous phenotype is suggestive of an invasive K. pneumoniae strain, and the attending clinician should be notified as soon as possible by the microbiological laboratory [4] . Multiplex polymerase chain reaction (PCR) might be a useful rapid test for detection of the K. pneumoniae serotype that causes LA [31] .
Metastatic infections are a clinical challenge and are only diagnosed in one third of the cases on admission [4] . Lungs, CNS, and eyes are the most common metastatic sites [4, [21] [22] [23] [24] [25] [26] [27] [28] [29] . Thus, in diabetic patients, especially in Asians or those of Asian origin, who present with K. pneumoniae bacteremia, endophthalmitis, meningitis, or other extrahepatic infections, a search for an occult LA is indicated [4] .
The diagnosis of amebic LA relies on liver imaging and positive amebic serology. Diagnostic fluid aspiration from the lesion is therefore not necessary ( fig. 3, 4) . US or CT scan are the tests of choice; both methods are very sensitive, but neither provides absolute specificity for amebic LA [16] . Formerly, such abscesses were described as solitary lesions in the right lobe of the liver, but modern imaging techniques such as highresolution US or CT show a high frequency of multiple abscesses. Amebic serology is highly sensitive (>94%) and highly specific (>95%) for the diagnosis of amebic LA [16] . False-negative serological test results, however, can be obtained early in infection (within the first 7-10 days), but repeated tests will usually become positive. The successful use of an antigen detection enzyme-linked immunosorbent assay (ELISA) or PCR in patients with amebic LA suggests that these tests play an important part in the diagnosis of extraintestinal disease [16] .
Treatment
Antimicrobial Treatment of PLA First, it is essential to exclude amebic LA as a differential diagnosis. When the diagnosis of PLA is suspected, there is a need to start broad-spectrum antibiotics immediately after collection of microbiological specimen (obtained from abscess puncture and blood cultures) to control ongoing bacteremia and its associated complications [4, 11] .
Recent studies have shown that most pathogens found in PLA are now resistant to ampicillin, but depending on the local resistance epidemiology, fluoroquinolones, third-and fourth-generation cephalosporins, piperacillin/tazobactam, aminoglycosides, and carbapenems remain effective treatment options [1, 4, 11, [32] [33] [34] . Preceding antibiotic therapy with ampicillin/amoxicillin has been described as a risk factor for K. pneumoniae PLA manifestation in Asia due to selection pressure [32] . Taking into account resistance rates against fluoroquinolones of up to 30% in E. coli, K. pneumoniae, and other enterobacteriaceae, third-generation cephalosporins (ceftriaxone and cefotaxime) and piperacillin/tazobactam have backed up a dominant position in the antibiotic treatment of PLA [1, 4, 8, 11, 32, 33] . Initial antibiotic regimens should therefore comprise either a third-generation cephalosporin and metronidazole or piperacillin/tazobactam, with the advantage of the latter variant that enterococcal infections are also partly covered.
When switching to de-escalation strategies, the selection of antimicrobials should be based on in vitro susceptibilities and clinical response. In most cases, targeted monotherapy with a beta-lactam tested active in vitro is sufficient. Combination therapy has been advocated for the treatment of bacteremic infections. There is current evidence that combination therapy with a beta-lactam and an aminoglycoside agent should be preferred in severely ill patients with Klebsiella spp. infections who experience hypotension [35] . Although PLA caused by ESBL(extended-spectrum beta-lactamase)-producing K. pneumoniae have been reported in Taiwan, such strains still form a minority [4, 11, [32] [33] [34] . Carbapenems are the drug of choice for ESBL-producing E. coli and K. pneumoniae. Carbapenem use (primarily imipenem/cilastatin) has been found to be independently associated with lower mortality than other antibiotics [4] . The growing incidence of carbapenemresistant K. pneumoniae, such as strains producing NDM-1 (New Delhi metallo-beta-lactamase-1) or KPC (K. pneumoniae carbapenemases), is of serious concern because of the few remaining treatment options (mainly tigecycline, colistin, and aminoglycosides) for these hyperresistant strains, which are associated with excess mortality [36] [37] [38] [39] .
The duration of therapy must be determined by response to treatment, as shown by repeated US of the abscess ( fig. 5 ) and resolution of fever and leukocytosis [4] . The optimal duration of intravenous antimicrobial therapy, as well as the duration of subsequent oral therapy, remains unclear and does largely depend on the success rates of interventional source control. In studies from Taiwan, therapy generally consisted of 3 weeks of intravenous antibiotics followed by 1-2 months of oral therapy [4, 11] . However, our own experience as well as studies performed in the USA indicate that shorter courses of antibiotics with targeted intravenous therapy for 2-3 weeks and consecutive oral therapy for 1-2 weeks are associated with extremely low mortality of less than 5% [1, 8] .
Metastatic infections of the CNS and eyes in K. pneumoniae PLA are severe and difficult to treat. In the absence of ESBL-producing strains, third-generation cephalosporins are the drugs of choice for K. pneumoniae meningitis in view of their better penetration into the cerebrospinal fluid (compared with first-generation and second-generation cephalosporins) [4] . Both cefotaxime and ceftriaxone are effective for the treatment of meningitis. Large doses are used for both intravenous cefotaxime (up to 2 g every 4 h) and ceftriaxone (2 g twice a day). 3 weeks of treatment has been recommended because of a high rate of relapse in individuals treated with shorter treatment courses [4] . Imipenem/cilastatin or meropenem should be given to patients instead of third-generation cephalosporins when ESBL-producing strains are suspected.
Both intravitreal and intravenous routes should be used for treatment of K. pneumoniae endophthalmitis. Intravenous ceftazidime plus amikacin has been the most widely used combination [4] . Combination intravitreal treatment with cephalosporins (cefazolin and ceftazidime) and aminoglycosides (gentamicin and amikacin) have been applied successfully [4] .
Furthermore, glycemic control in diabetic patients plays an essential role in the clinical features of K. pneumoniae PLA, especially in metastatic complications [4] .
Interventional Therapy of PLA Percutaneous drainage was widely used during the past three decades due to the obvious advantages of simplicity and avoidance of general anesthesia and laparotomy [1, 4, 8, 11] . Approaching multiple PLA, percutaneous drainage may be associated with a higher failure rate. However, a recent retrospective study showed that treatment with percutaneous trans hepatic drainage demonstrated similar effectiveness for patients with multiple abscesses but shorter hospitalization when compared with surgical drainage, which suggested that percutaneous aspiration or drainage should always be undertaken before surgery in terms of its lower morbidity and less cost [40] .
Yu et al. [41] found that intermittent needle aspiration was probably as effective as continuous catheter drainage for the treatment of PLA. Due to the solid nature of K. pneumoniae PLA, procedure simplicity, patient comfort, and reduced costs, needle aspiration deserves to be considered as a firstline drainage approach in this disease entity, if not in all PLA. Patients with the following criteria have been suggested for percutaneous drainage: patients who continued to be febrile even after 48-72 h of adequate medical and aspiration treatment; LA > 6 cm in size; and clinical or US features suggesting impending perforation [11] .
Common material for US-guided aspiration or drainage of LA is shown in figure 6 .
Surgical Interventions in Patients with PLA
Surgical drainage has been reserved for patients who fail to respond to treatment with either aspiration or percutaneous drainage and antibiotics or who have concurrent intra-abdominal pathology which requires surgical management [1, 4, 41, 42] . In addition to conventional laparotomy, laparoscopic drainage in association with systemic antibiotic therapy has been described as a safe and effective minimally invasive approach [2] . Thus, percutaneous and surgical techniques are not competing methods, but they have different indications, and surgery also represents an option for non-responders to percutaneous treatment [2, 11, 42] . Management of Amebic LA Due to the excellent response to metronidazole, the management of amebic LA is unique. Abscesses occupying large areas of the liver can be cured without drainage, even by one dose of metronidazole [16] . Most patients show a response to treatment (reduced fever and abdominal pain) within 72-96 h. Individuals with amebic LA should also be treated with a luminal agent (diloxanide furoate or paromomycin) to eliminate intestinal colonization by E. histolytica.
Surgical drainage of uncomplicated amebic LA is generally unnecessary and should be avoided [16] . The role of percutaneous therapeutic aspiration guided by US or CT in the treatment of uncomplicated amebic LA remains controversial [16] . Clearly, most such abscesses can be cured by metronidazole treatment alone, and in a randomized controlled study no significant difference in either length of hospitalization or duration of time to becoming afebrile was seen between individuals treated with metronidazole alone and those treated with metronidazole as well as percutaneous therapeutic aspiration [16, 43] . However, a prospective study in which large amebic LA underwent aspiration, while small abscesses were treated with drugs alone, showed benefits in mean hospital stay and the speed of clinical improvement in the aspiration group [16] .
A reasonable policy might be to reserve aspiration for individuals in whom diagnosis is uncertain (where PLA or bacterial superinfection of the amebic LA is a concern), those who do not respond to metronidazole (persistent fever or abdominal pain after 4 days of treatment), individuals with large left lobe abscesses (because of the risk of rupture into the pericardium), and severely ill patients in whom an accelerated clinical course and large abscesses make rupture seem imminent [16] . Aspiration, percutaneous catheter drainage, or both improve outcomes in the treatment of amebic empyema after abscess rupture, and percutaneous catheter (or, if necessary, surgical) drainage could be lifesaving in the treatment of amebic pericarditis [16] . Amebic LA rupture into the peritoneum might also respond best to conservative treatment, medical management, and use of percutaneous catheter drainage if localized collections of fluid are noted [16, 43] .
Conclusion
LA remain an important and potentially life-threatening disease. However, the mortality rate in recent decades has been significantly reduced and is today less than 10% in PLA, in amebic LA even below 3%.
During the last three decades, highly virulent strains of K. pneumoniae (serotypes K1 and K2 with the rmpA plasmid gene) have emerged as a predominant cause of PLA in Asian countries, especially Taiwan, and this trend has been observed to a lesser extent also in the USA, in Europe, and in Australia. Therefore, corresponding changes in pathogen etiologies must be globally taken into account when setting diagnosis and treatment of PLA. Diabetes mellitus and serotype K1 infection are the most common risk factors for recurrent K. pneumoniae PLA. The prognosis for patients with endophthalmitis caused by K. pneumoniae is still very poor, with more than 85% of the patients retaining a severe visual deficit.
The therapeutic success in PLA can be ensured best in a multimodal approach with inclusion of antibiotics, US-or CTassisted aspiration or drainage, and surgical relief as a last option. According to our own experience, needle aspiration should be preferred, taking into account increased patient discomfort and substantial dislocation rates especially when dorsal or dorsolateral drainage is applied.
In consideration of current resistance rates reaching up to 90% against ampicillin and up to 30% against fluoroquinolones in most enterobacteriaceae, third-generation cephalosporins (combined with metronidazole) and piperacillin/tazobactam have obtained a dominant position in the antibiotic treatment of PLA. Fortunately, PLA caused by ESBL-producing K. pneumoniae still form a minority; however, ESBL-producing strains are globally on the rise. Carbapenems are the drug of choice for ESBL-producing E. coli and K. pneumonia, and their use (primarily imipenem/cilastatin) has been found to be independently associated with lower mortality than other antibiotics.
Due to the excellent response to antiparasitic therapy with metronidazole, the management of amebic LA is different from PLA, with the result that even amebic LA occupying large areas of the liver can be cured without drainage.
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There was no funding. All authors indicate no potential conflicts of interest. (2) is placed into the abscess cavity using a guide needle (3). An adaptor (1) connects the catheter with a drainage bag (7). Alternatively, different fine needle types (4-6) can be used for aspiration of liquid abscess content.
